Introduction
Most eukaryotic cells transport organelles through their cytoplasm (Schliwa, 1984) . The squid giant axon, because of its size and abundance of actively moving organelles, has provided an important system for studying this phenomenon Brady et al., 1982; Vale et al., 1985a) . Recent studies have indicated that microtubules in the squid giant axon (Schnapp et al., 1985) and in other cells (Koonce and Schliwa, 1985; Hayden et al., 1983) provide tracks for organelle movement. Indeed, movement of isolated axoplasmic organelles has been observed along purified microtubules (Vale et al., 1985b) and along axonemal microtubules (Gilbert et al., 1985) . Thus, it appears likely that directed movement of organelles within cells depends upon an interaction with microtubules. §To whom correspondence should be addressed.
Microtubules in axons are typically oriented with their plus ends toward the nerve terminal and their minus ends toward the cell body (Burton and Paige, 1981; Heidemann et al., 1981) . Nevertheless, organelle movement occurs in both directions in intact axons (Grafstein and Forman, 1980; Allen et al., 1982) and even along single microtubules dissociated from squid axoplasm (Schnapp et al., 1985) . These results could be explained either by a single translocator that produces movement in both directions on a microtubule, or by separate translocators that recognize the intrinsic polarity of the microtubule.
We have shown that a soluble fraction from axoplasm enhances the movement of squid axoplasmic organelles along microtubules, generates movement of purified microtubules along a glass coverslip as well as movement of microtubules relative to one another in solution, and generates movement of carboxylated latex beads along microtubules (Vale et al., 1985b) . A protein that induces these movements has been purified from squid optic lobes and bovine brain (Vale et al., 1985c) . This translocator contains 110-120 kd and 60-70 kd polypeptide subunits and migrates in gel filtration columns with an apparent molecular weight of 600-700 kd. This new translocator, which we have termed "kinesin:' has structural and enzymatic characteristics different from those of dynein and myosin (Vale et al., 1985c) .
Like myosin (Sheetz and Spudich, 1983) and dynein (Gibbons, 1981) , kinesin is a unidirectional translocator and generates movement of latex beads in only one direction along a microtubule (Vale et al., 1985c) . In order to establish the direction of kinesin-generated movement, an astral array of microtubules polymerized off of centrosomes in vitro (Mitchison and Kirschner, 1984) was used as a substrate for movement. Microtubules nucleated from centrosomes assemble with their plus ends oriented away from the centrosome, providing a microtubule substrate of defined polarity (Bergen et al., 1980; Mitchison and Kirschner, 1984) .
Using this polarity assay we show that kinesin promotes bead movement from the minus ends to the plus ends of microtubules. We also show that a crude solubilized fraction from squid axoplasm supports bidirectional movement of latex beads along centrosomal microtubules. Bead movement in the anterograde direction in the presence of this fraction exhibits the same properties as kinesin-induced movement while movement in the retrograde direction appears to be mediated by a protein translocator that is pharmacologically and immunologically distinct from kinesin.
Results
An Assay for Polarity of Movement Latex beads incubated with a high speed supernatant from the squid giant axon (S2 supernatant; Vale et al., 1985b) or with purified kinesin (Vale et al., 1985c ) move unidirectionally along taxol-polymerized squid micro- tubules. To determine the direction of bead movement, bovine tubulin was nucleated by centrosomes and assembled into microtubules under conditions where spontaneous polymerization is kinetically unfavorable. Polymerization was continued until the microtubules were 8-15 pm long (Figure l) , and the resulting astral arrays contained 5-40 microtubules. To prepare them for assay- This direction is characteristic of kinesin-induced movement and would correspond to anterograde transport in the intact axon. Beads fand g move to the right, out of the field of view, between 0 and 3 sec. Bead a binds to the microtubule from solution between 0 and 3 set and moves in the anterograde direction. Elapsed times in seconds are indicated at right. Video DIC; 10,000x.
ing bead movement in the video microscope, the centrosome-microtubule complexes were sedimented through a glycerol cushion onto polylysine-coated glass coverslips, which were transferred to a buffer containing taxol, where the complexes remained stable for several hours.
Purified Kinesin or S2 Supernatant
Generates Anterograde Bead Movement In the presence of purified kinesin, latex beads moved only from the minus ends to the plus ends of the microtubules (700 observations; Figure 2 ). This direction would correspond to anterograde transport along microtubules in the intact axon (Burton and Paige, 1981; Heidemann et al., 1981) . Kinesin purified by microtubule affinity and gel filtration chromatography (Vale et al., 1985c) and kinesin purified by monoclonal antibody affinity chromatography (Steuer et al., Am. Sot. Cell Biol. abstract, in press ) yielded identical results. Furthermore, kinesin isolated from sea urchin eggs (Scholey et al., 1985) also promoted only anterograde movement of beads. Beads incubated in the presence of S2 axoplasmic supernatant also moved predominantly in the anterograde direction (500 observations), although two instances of retrograde bead movement were observed in one preparation. Induced by Sla Supernatant A bead at 0 set moves rapidly to the left (arrowhead) toward the centrosome (C), pauses, and then moves more slowly in the opposite direction away from the centrosome.
Another bead marked with an asterisk moves in a discontinuous fashion toward the centrosome and then stops. The bead marked with the arrowhead passes the bead marked with the asterisk between 1 and 3 sec. Elapsed times in seconds are indicated at right. ure 1). Microtubules moved with their plus ends trailing and formed U shapes because their minus ends were anchored to the centrosome. Microtubules compressed into U shapes eventually sprang back to a straight configuration. The direction of microtubule movement on glass (plus end to minus end) is opposite to the direction of bead movement along microtubules. This is the expected result if the same translocator attaches to the glass coverslip and to the bead surface, and exerts force in the same direction with respect to the polarity of the microtubule (Vale et al., 1985b) .
Bidirectional
Bead Movement Generated by Axoplasmic Supernatant (Sla) Organelles move bidirectionally along single native axoplasmic microtubules in dissociated axoplasm (Schnapp et al., 1985) . Only anterograde bead movement, however, was induced by the high speed supernatant (S2). We therefore examined the movement of latex beads in a low speed supernatant (Sl) from axoplasm that contained vesicles as well as free axoplasmic microtubules. In the presence of Sl, beads moved bidirectionally along native axoplasmic microtubules and frequently reversed direction (not illustrated). These microtubules also supported bidirectional movement of axoplasmic organelles, but organelles rarely, if ever, reversed direction on a particular microtubule.
Vesicles and microtubules were removed from the Sl supernatant by Triton X-100 (0.5%) and centrifugation (20,000 x g.hr), yielding a supernatant (Sla) that contained only small (7-11 nm) diameter filaments as seen in negatively stained preparations viewed by electron microscopy (not shown). In the presence of Sla and ATP, beads moved in both directions along centrosomal microtubules ( Figure 3 ). In most preparations movement was predominantly anterograde, varying from 40% to 90% anterograde movement in different preparations. Bead movement in the presence of Sla was qualitatively different from the movement generated by S2 or purified kinesin. Beads moved discontinuously, rarely moving smoothly over distances greater than 10 pm. Beads also dissociated from microtubules more frequently in Sla than in purified kinesin or S2. Bidirectional bead movement in the presence of Sla was also observed on axonemal microtubules, on microtubules polymerized off of axonemes using purified bovine brain tubulin, and on taxol-polymerized microtubules from squid optic lobe. Single beads frequently reversed their direction of movement on centrosomal microtubules in the presence of Sla, often pausing for a few seconds before moving in the opposite direction (Figure 3 ). Some beads made repeated short movements (of approximately 1 pm) in both directions. Beads moved in the anterograde and retrograde directions at different velocities (Figure 4 ). Since beads typically exhibited discontinuous movements with frequent stops and starts, velocities were obtained only from beads that displayed continuous movements. In the presence of Sla, beads moved in the anterograde direction at approximately the same velocity (0.6 rmlsec) as beads treated with purified kinesin. The velocity of moveIn the presence of S2 or purified kinesin, beads in solution bound to and moved along microtubules in a smooth and continuous manner, often moving more than 10 pm before dissociating. Beads never reversed their direction of movement along a microtubule. The velocity of bead movement along centrosomal microtubules in the presence of either S2 supernatant or purified kinesin was 0.5-0.6 ,um/sec, which is similar to the velocity of bead movement on taxol-polymerized squid microtubules (Vale et al., 1985b (Vale et al., , 1985c . Neither the velocity nor the direction of bead movement generated by purified kinesin was significantly affected by 20 yM vanadate or by pretreatment of kinesin with 2 mM N-ethylmaleimide (NEM). As previously observed with taxol-polymerized microtubules (Vale et al., 1985b) , translocation of centrosomal microtubules along the surface of the glass coverslip was induced by either the S2 fraction or purified kinesin (Fig- ment in the retrograde direction, however, was 1.3 pm/set. Furthermore, single beads that reversed direction moved at 0.6 pm/set in the anterograde direction and 1.3 pm/set in the retrograde direction ( Figure 3) .
In contrast to the microtubule movements generated by purified kinesin or S2 supernatant (Vale et al., 1985b (Vale et al., , 1985c , microtubules in the presence of Sla infrequently made directed linear movements on the glass coverslip (Table 1) . However, some movement of microtubules relative to one another occurred in solution. Fewer microtubules appeared to be attached to the coverslip in the presence of Sla than in the presence of S2. This result suggests that proteins in Sla interfere with kinesingenerated movement of microtubules on glass.
Previous studies have shown that a large portion of the anterograde translocator, kinesin, is found in a soluble fraction from axoplasm or brain tissue (Vale et al., 1985c) . To determine whether the factor responsible for retrograde translocation is also in a soluble form, organelles and microtubules were removed from the Sl supernatant by centrifugation (80,000 x g.hr). When tested on centrosomal microtubules, the supernatant obtained from this centrifugation induced a small amount of retrograde movement of beads (l%-6% retrograde movement; five preparations).
In several preparations, addition of 0.5% Briton X-100 to this supernatant increased the amount of retrograde movement by 2 to 3 fold, but this effect was variable. This increase in retrograde bead movement could be due to an activation of the retrograde translocator by Triton X-100, as has been reported with the dynein ATPase (Gibbons and Fronk, 1979) . When 0.5% Triton Microtubule movement on glass was assayed by incubating 1 ~1 of 800 rglml taxol-polymerized squid microtubules with 4 ~1 of the sample. The kinesin concentration was 50 pglml and Sla was treated with 2 mM NEM for 30 min at 23% followed by inactivation by 10 mM DTT for 20 min at 4%. The absence of linear microtubule movement on glass (-), slight linear movement or absence of movement in some preparations (+I-), and abundant linear movement of microtubules (+ +) are indicated.
X-100 was added prior to the 80,000 x g.hr centrifugation, the amount of retrograde movement generated by the supernatant was consistently greater than in the absence of Triton X-100 (80/o-25%; three preparations), possibly indicating that Briton X-100 extracts the retrograde translocator from organelles or filaments. Briton X-100 had no effect on the direction or the velocity of bead movement generated by purified kinesin.
Since bidirectional bead movement along native microtubules is induced by Sl, but not by the high speed supernatant S2, the retrograde translocator may sediment into the sucrose gradient during centrifugation. To test this idea, bead movement induced by S2 was compared with movement induced by fractions collected from the 7.5%, 15% and 35% sucrose layers after a 260,000 x g.hr centrifugation. While S2 induced only anterograde movement, retrograde bead movement (lo%-25% of the total bead movement) was induced by fractions collected from the 7.5% layer and occasionally from the 15% sucrose layer. Substantially less bead movement was induced by these fractions than by the S2 supernatant. The percentage of retrograde bead movement was never more than 50% in any fraction of the gradient. The retrograde translocator also sedimented into the gradient when Sl was treated with 0.5% Triton X-100 before centrifugation on the sucrose gradient. The finding that the retrograde bead movement is induced by fractions obtained from the 7.5% sucrose layer indicates either that the retrograde bead translocator is much larger than kinesin or that it tends to associate with large structures, such as filaments, that sediment through the gradient.
Organelles retrieved from the 15%-35% interface of the sucrose gradient were also tested for movement on centrosomal microtubules. These organelles moved bidirectionally along centrosomal microtubules, with 20%-90% moving in the retrograde direction in different preparations. These results are different from our previous results, which showed that organelles move primarily in one direction, the same direction as beads, along taxolpolymerized microtubules from squid optic lobe (Vale et al., 1985b Sla was inactivated with 2 mM NEM for 30 min at 23%, followed by 10 mM DTT for 15 min at 4%; the control was treated with DTT alone without NEM. Results shown here are representative of three similar experiments; between 100 and 300 bead movements were observed with each sample. ment is not yet clear. Unlike beads, organelles moving along centrosomal microtubules rarely reversed direction over distances of several micrometers, and organelle movement was generally smooth and continuous. Furthermore, the velocity of movement in the anterograde direction (1.4 f 0.17 pmlsec) was approximately the same as the velocity in the retrograde direction (1.5 + 0.2 rm/sec) ( Figure 4 ). Thus, in the retrograde direction, the velocities of movement of beads and organelles were approximately equal (Figure 4 ).
Pharmacological and immunological Distinctions between Anterograde
and Retrograde Bead Movement Like microtubule movement (Vale et al., 1985c) , bead movement generated by kinesin was not inhibited by N-ethylmaleimide (NEM; 2 mM). When Sla was treated with 2 mM NEM followed by 10 mM dithiothreitol (DTT) inactivation, the NEM-treated Sla induced only anterograde movement, indicating that the retrograde translocator is sensitive to sulfhydryl reagents. DTT treatment alone had no effect on Sla-generated movement. Furthermore, in contrast to the discontinuous bead movements seen in the presence of Sla, NEM-treated Sla induced smooth, continuous bead movements that were qualitatively indistinguishable from bead movements generated by purified kinesin. The NEM-treated Sla also induced pronounced linear movements of microtubules on the glass coverslip (Table 1) .
Vanadate, a potent inhibitor of the dynein ATPase at a concentration of 1 PM , inhibits kinesin-generated microtubule movement only at concena b c d trations of 100 ,uM (Vale et al., 1985c) . Vanadate at concentrations of 20 ,uM did not significantly affect microtubule movement on glass or bead movement on microtubules in the presence of S2 or purified kinesin. After Sla was incubated with 20 ,uM vanadate it no longer induced retrograde bead movements, suggesting that the anterograde and retrograde translocators have different vanadate sensitivities ( Figure 5) .
The different sensitivities of anterograde and retrograde bead movement to NEM and vanadate suggests that different translocators may be involved. We therefore attempted to separate kinesin from the retrograde translocator with a monoclonal antibody to kinesin (MCK-1). This monoclonal antibody binds to the 110 kd subunit of purified kinesin, and immunoblot analysis showed that this polypeptide is the only one recognized in a crude supernatant of squid optic lobe (Figure 6 ). The MCK-1 antibody coupled to a Sepharose 48 column by cyanogen bromide linkage quantitatively binds and removes kinesin from a high speed supernatant of squid optic lobe. The major polypeptides from squid optic lobe binding to this column and eluting with alkaline pH and high ionic strength in- elude the 110, 65, 70, and 60 kd polypeptides (Figure 6 ), which comprise or are associated with kinesin (Vale et al., 1965c) . The Sla supernatant was incubated with Sepharose 48 coupled with MCK-1 or control mouse immunoglobulin, and the material that did not bind to the column was assayed for bead movement activity and kinesin content. Immunoblot analysis shows that kinesin was removed from the Sla when this material was passed over the MCK-1-Sepharose resin but not when passed over the mouse IgG-Sepharose resin that served as a control (Figure 7 ). Furthermore, Coomassie-stained polyacrylamide gels show that 110 and 66 kd polypeptides are depleted in the flow-through from the MCK-1-Sepharose column. While Figure 7 . The nonadsorbed flowthrough induced only retrograde (plus to minus) bead movement on centrosomal microtubules. This bead movement was tested for sensitivity to enzymatic or pharmacological treatments. All treatments were conducted in motility buffer containing 1 mM DlT and 1 mM ATP. Tryp sin: 0.5 mglml for 15 min at 23%, followed by 5 mglml soybean tryp sin inhibitor for 15 min at 4%. NEM: 2 mM for 30 min at 23%, followed by 10 mM DTT for 20 min at 4%. Hexokinase: 20 U/ml hexokinase and 4 mM glucose for 30 min at 23%.
the Sla induced primarily anterograde bead movement (60%-80% anterograde) before it was applied to these columns, the flow-through from the MCK-1 column induced 100% retrograde bead movement (Figure 7 ). This result indicates that the anterograde translocator interacts with the antikinesin affinity column while the retrograde translocator does not. When Sla was incubated with total mouse immunoglobulin coupled to Sepharose 46, the eluent induced bidirectional bead movement, indicating that neither the anterograde translocator nor the retrograde translocator interacted with nonspecific antibodies or the Sepharose resin (Figure 7) .
The retrograde translocator that passed through the MCK-1-Sepharose 48 column was examined for sensitivity to enzymatic and pharmacological treatments (Table  2) . Trypsin treatment abolished retrograde bead movement, indicating that the retrograde translocator is a protein. As expected, movement was completely inhibited by 2 mM NEM and 10 FM vanadate. Retrograde bead movement was dependent on ATP, as demonstrated by depleting ATP using hexokinase and glucose. Retrograde bead movement, like kinesin-generated movement (Vale et al., 1985b) , was inhibited by 7 mM AMP-PNP in the presence of 1 mM ATP The velocity of beads treated with the retrograde fraction was 1.45 rm/sec (Figure 4) , only slightly greater than the velocity of beads moving continuously in the retrograde direction in bidirectional Sla preparations. Bending movements of microtubules on glass were occasionally induced by the MCK-1 column flow-through; however, neither linear translocation of microtubules on glass nor microtubule movements on microtubules in solution were observed.
Discussion
An In Vitro Assay for Direction of Movement on Microtubules Arrays of microtubules nucleated from isolated centrosomes provide a useful preparation for investigating the direction of bead movement with respect to microtubule polarity, because all of the microtubules have their plus ends oriented away from the centrosome (Bergen et al., 1980; Mitchison and Kirschner, 1984) . With this assay system we have determined that kinesin generates unidirectional movement of beads along microtubules from their minus ends to their plus ends, a direction equivalent to anterograde transport in the intact axon (Burton and Paige, 1981; Heidemann et al., 1981) . No bead movement toward the centrosome was noted in the presence of kinesin alone, indicating the consistency and reliability of this assay.
Microtubules from various sources have different numbers of protofilaments that could behave differently as substrates for organelle and bead movements. Microtubules assembled off of centrosomes in vitro have 13 protofilaments, as do native microtubules, whereas the majority of spontaneously polymerized microtubules have 14 protofilaments (Evans et al., 1985) . Thus, centrosomes provide a uniform array of microtubules with the same number of protofilaments as intracellular microtubules.
Anterograde and Retrograde Movements Are Mediated by Different Translocators
The bidirectional movement of beads along microtubules in the presence of axoplasmic supernatant Sla suggests that there are two translocators which generate force in opposite directions on single microtubules when bound to anionic beads. The ability of individual beads to reverse their direction of movement indicates that the two translocaters interact simultaneously with the bead surface. In some instances, the two translocators may counteract one another, producing short back and forth displacements of the beads. The long displacements (10 pm or more) of beads in one direction require that contact is maintained with the microtubule during movement. In order to generate continuous movement, individual anterograde or retrograde translocators could have multiple arms or may selfassociate, creating patches of anterograde or retrograde translocator molecules on the bead surface. At present, however, the molecular interactions on the bead surface necessary for movement are poorly understood.
Anterograde bead movement induced by axoplasmic Sla supernatant appears to be generated by kinesin. This movement occurs at the same velocity and demonstrates the same insensitivity to NEM and vanadate as purified kinesin. Furthermore, anterograde bead movement is no longer observed after passing Sla over an antikinesin monoclonal antibody affinity column, indicating that kinesin alone is responsible for the anterograde bead movement generated by crude supernatants.
The characteristics of retrograde bead movement are distinct from movement induced by kinesin. Retrograde bead movement exhibits a velocity twice that of kinesingenerated anterograde movement, and is completely inhibited by 10 PM vanadate or 2 mM NEM. Furthermore, the retrograde translocator is not retained by the antikinesin monoclonal antibody column. lmmunoblot analysis also indicates that the MCK-1 column flow-through, which promotes retrograde bead movement, contains virtually no kinesin. These results are consistent with the idea that retrograde bead movement is induced by a force-generating protein that is distinct from kinesin. It is still possible, however, that retrograde movement is generated by a kinesin that is posttranslationally modified, but such a modification must affect the epitope recognized by the MCK-1 antibody in native and denaturing conditions as well as alter its NEM and vanadate sensitivities.
Relationships between Bead and Organelle Movements
The relationship of bidirectional bead movement in vitro to bidirectional organelle movement in the axon remains unclear. There is some evidence that kinesin is involved in organelle transport. Some preparations of purified kinesin promote organelle movement along microtubules in vitro (Vale et al., 1985c) , and, like kinesin, organelles form stable attachments with microtubules in dissociated axoplasm in the presence of the nonhydrolyzable ATP analogue, AMP-PNP (Lasek and Brady, 1985) . Nonetheless, there is no direct evidence of an interaction of kinesin with organelles. Similarly, it is not known whether the retrograde bead translocator associates with organelles, although Briton X-100 enhances retrograde bead movement in crude supernatants and the velocity of retrograde bead movement is very similar to the velocity of organelle movement.
There are several differences between bidirectional bead movement and organelle movement. The velocity of retrograde bead movement (1.5 rmlsec) is twice the velocity of anterograde movement. Organelle movement, on the other hand, exhibits approximately the same velocity in anterograde and retrograde directions. The difference in velocities may reflect a difference in the manner in which the anterograde and retrograde translocators interact with beads compared with organelles (see also Vale et al., 1985b) . Furthermore, beads frequently reverse their direction on microtubules, while individual organelles rarely reverse their direction on axoplasmic microtubules (Schnapp et al., 1985) or centrosomal microtubules though a few exceptions among thousands of movements have been noted. There is also evidence from radiolabeling studies of cold blocked or ligatured axons that some of the anterograde-moving organelles change their direction and return to the cell body (Bisby and Bulgar, 1977; O'Brien and Synder, 1982; Smith, 1980) . Nonetheless, organelles have great consistency with respect to their direction of movement along microtubules, which is not true of latex beads. This difference could be explained if organelles contain receptors on their surface that recognize either the anterograde or the retrograde translocator. There is some evidence that proteins on the organelle membrane are important for interaction with the translocator, because trypsin treatment of organelles abolishes their movement on purified microtubules even in the presence of active translocator (Vale et al., 1985b) .
Relationship
to Microtubule-Dependent Movements in Other Systems Chromosomes may translocate along microtubules dur-ing metaphase. Like organelles, kinetochores move bidirectionally along a polar array of microtubules (Bajer, 1982) , and there is some evidence that different mechanisms mediate movement toward and away from the poles (Pickett-Heaps et al., 1982 ). An ATP-dependent movement of kinetochores from the minus to plus ends of microtubules has also been demonstrated in vitro . Thus, bidirectional movement of kinetochores is similar in some respects to anterograde and retrograde movements of beads and organelles along microtubules, suggesting that they may be powered by similar mechanisms.
The translocator kinesin (Vale et al., 1985c) appears to be responsible for all of the anterograde movement of beads in squid axoplasm extracts. Whether translocation of beads in the retrograde direction is generated by one translocator protein or several is unknown. Dynein, the other known microtubule-based translocator (Gibbons, 1981) generates force directed toward the minus end of doublets in trypsinized axonemes (Sale and Satir, 1977) ; this direction would correspond to the retrograde direction in axons. Dynein-like molecules in cytoplasm have also been described (Pratt, 1980; Scholey et al., 1984; Asai and Wilson, 1985; Hisanga and Sakai, 1983; Hollenbeck et al., 1984) but have not yet been demonstrated to generate force. Like dynein (Mitchell and Warner, 1981; Cosson and Gibbons, 1978; Shimizu and Kimura, 1974; , the retrograde translocator(s) from squid axoplasm are highly sensitive to vanadate and NEM. However, these agents are not sufficiently specific to determine whether the retrograde translocator is dynein-like or whether it, like kinesin, represents another novel class of motile proteins. The identity of this molecule requires its purification, and retrograde bead movement on centrosomal microtubules should provide a suitable assay to follow its activity during biochemical fractionation.
Experimental Procedures
Materials Squid axons were dissected as previously described (Vale et al., 1985a [pH 7.21, 6 .4 mM MgCI,, and 5 mM EGTA) containing 1 mM ATR 1 mM phenylmethylsulfonyl fluoride, 10 &ml leupeptin, and iOrg/ml TAME (homogenization buffer). Axoplasm was homogenized by pipetting the mixture up and down with a 200 PI Pipetteman.
The homogenate was centrifuged for 5 min in a microfuge, and the supernatant (Sl) was incubated for 20 min at 23OC with 20 PM taxol and 1 mM GTP in order to polymerize tubulin into microtubules.
This material was then applied to a sucrose gradient in a 5 x 41 mm Ultra-Clear centrifuge tube (Beckman Inst., Palo Alto, CA) consisting of 7.5% (100 PI), 15% (100 PI), 35% (100 ccl), and 50% (150 ~1) sucrose layers made in homogenization buffer plus 20 PM taxol. The gradient was centrifuged at 135,000 x g for 120 min at 4OC in a SW50.1 rotor. The top 50 PI of the gradient was retrieved (S2 supernatant). Organelles were obtained by puncturing the tube at the 15%-35% interface with a 25 gauge needle attached to a 50 PI Hamilton syringe and collecting 20-40 Fl. The bottom of the tube was punctured with a 25 gauge needle in order to collect fractions from the entire gradient.
Sla Axoplasmic Supernatant Axoplasm from 5-12 axons was homogenized in 250-300 ~1 of homogenization buffer and centrifuged in a microfuge, and the supernatant (Sl) was collected as described above. Tax01 (20 PM), GTP (1 mM), and Triton X-100 (0.5%) were added and the mixture was incubated for 15 min at 23OC. The sample was then centrifuged at 40,000 x g for 30 min at 4OC, and the supernatant (Sla) was collected.
Squid Kinesin and an Antikinesin Monoclonal Antibody Affinity Column Squid kinesin was purified by microtubule affinity with adenylyl imidodiphosphate and gel filtration chromatography as previously described (Vale et al., 1985c) . Affinity purification of squid kinesin was performed using a monoclonal antibody (MCK-1) directed against the 110 kd subunit of squid kinesin. Ascites fluid was collected in order to obtain large quantities of MCK-1 antibody. A 30%-50% ammonium sulfate cut of the ascites fluid was made and antibody was further purified by DE-52 chromatography (Parham, 1983) . Purified antibody (5 mg) was reacted with CNBr-activated Sepharose 46 (0.5 ml swollen resin) for 12 hr at 4OC in coupling buffer (05 M NaCI, 0.25 M NaHCO,, pH 8.9) on a rotary shaker. Unreacted sites were blocked with 0.2 M glytine in coupling buffer for 2 hr at 23OC, and the resin was washed extensively with motility buffer. A final concentration of 8 mg antibody per ml resin was obtained. A high speed supernatant from squid brain (S2; see Vale et al., 1985c) or Sla was reacted with the MCK-1 Sepharose resin in a volumetric ratio of 8:l or 2:l (supernatant:resin) respectively for 2 hr at 4OC using a rotary shaker. The flow-through was collected and passed over the column again. After washing with 8 column volumes of coupling buffer, kinesin was eluted from the MCK-I column with 1 M KCI and 100 mM diethylamine (pH 11.5) and then rapidly neutralized with one-fifth volume of 0.5 M Pipes (pH 6.8). Mouse total IgG was coupled with Sepharose 48 and incubated with Sla in a manner identical to that described above in order to control for nonspecific binding to antibody.
Preparation
of Centrosomal Microtubules Centrosomes from N115 or CHO cells were prepared by the procedure of Kirschner (1984, 1986) ; phosphocellulose purified tubulin was obtained by thrice cycling microtubules and passing the mixture of microtubule-associated proteins and tubulin over a phosphocellulose column as previously described (Mitchison and Kirschner, 1984) . Centrosomes and tubulin were stored as aliquots at -8OOC. The procedure for initiating microtubule growth from centrosomes is essentially that described by Mitchison and Kirschner (1984) . Centrosomes (3.3 x lO'/ml final concentration; 105 per coverslip) and tubulin (l-2 mglml final concentration)
were mixed at 4OC in 80 mM Pipes (pH 6.8) 1 mM MgCI,, and 1 mM EGTA (BRBBO) plus 1 mM GTP The mixture was then incubated at 36OC for 8-10 min and then diluted 25-fold with 33% glycerollBRB80 (36OC). Four aliquots were then layered over 5 ml of warm 40% glycerollBRB80 in four specially adapted 15 ml Corex tubes (see Evans et al., 1985) . A 15 mm diameter polylysine-coated circular glass coverslip, which later could be removed, was placed at the bottom of each tube. The Corex tubes were then centrifuged at 28,000 x g for 20 min at 30°C in a HB-4 rotor. The top 4.5 ml were aspirated and the interface was washed twice with 1.5 ml of 1% Triton X-100 to remove any free tubulin. The interface was then layered with a small amount of BRB80/0.1% Triton X-100/15 PM taxol, and the coverslips were pulled out of the Corex tube as previously described (Evans et al., 1985) . The coverslip was placed on parafilm and gently washed two or three times with the same BRBBO, Triton X-100, taxol buffer and placed in a well containing this buffer in which the microtubules remained stable for several hours.
A Polarity Assay for Movement
Using Centrosomal Mlcrotubules A test sample (12 ~1) was incubated with 3-4 PI of a 20-fold dilution of latex beads (2.5% solid solution) in motility buffer containing 20 PM tax01 and 5 mM ATR A circle of vacuum grease was applied to a 20 x 60 mm glass coverslip with small glass fragments embedded in the grease as spacers; 15 ~1 of the bead sample was applied within the grease circle. The circular glass coverslip with centrosomal microtubules was blotted on filter paper and placed on top of the grease circle and sealed with a 1:i:l mixture of lanolin:vaseline:paraffin.
The sample was assayed for movement by video-enhanced microscopy as previouslydescribed (Vale et al., 1985a; Schnapp, 1966) . Beads exhibiting continuous movement over at least 3 pm were used for velocity measurements.
Directionality of movement was scored by counting the number of beads moving at least 2 pm in the anterograde (minus to plus) or retrograde (plus to minus) direction. Beads that reversed directions were counted in both categories.
Microtubule movements on glass and in solution depended on using taxol-polymerized microtubules from squid optic lobe as previously described (Vale et al., 198513) .
Polyacrylamide
Gel Electrophoresis and lmmunoblot Analysis Electrophoresis was performed in polyacrylamide gel (7.5%) under denaturing and reducing conditions according to the method of Laemmli (1970) and stained with Coomassie Blue. lmmunoblot analy sis was performed according to the procedure of Towbin et al. (1979) .
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